Three microtitration plate enzyme-linked immunosorbent assays (ELISAs) have been developed: a competitive ELISA and a two-site (or indirect sandwich) ELISA for Methanosarcina mazei S6 and a two-site ELISA for Methanobacterium bryantii FR-2. The assays were sensitive, with limits of cell protein detection of 3 ng ml-', 5 ng ml-', and 50 ng ml-', respectively, and showed good precision. The M. mazei assays used monoclonal antibodies and were entirely species specific, showing no cross-reaction with methanogens of other genera or with other species of the same genus. The Methanobacterium bryaniii assay, which used two polyclonal antisera, showed only a slight cross-reaction with one other Methanobacterium species but no cross-reaction with methanogens of other genera. The use of the ELISAs for quantitative analysis of mixed cultures and of sewage sludge samples was investigated. Sludge diluted at 1:103 or more caused no significant interference in any of the three ELISAs. Various cultures of bacteria, methanogens, and nonmethanogens at a protein concentration of 50 ,ug ml-l showed no significant interference in the M. mazei competitive assay and the Methanobacterium bryantii two-site assay, although they did cause falsely low results in the M. mazei two-site assay.
The degradation of organic wastes by anaerobic bacteria may be used to treat wastes from agricultural and food industries to reduce pollution and to produce methane for use as fuel. Digestion involves a number of steps and several bacterial species, making the control and monitoring of an industrial digester a difficult task. The metabolic balance of the many trophic groups of bacteria within a digester is often disturbed during start-up or when operating conditions are altered (8) . The methanogenic species which convert acetic acid and H2 + CO2 to methane constitute the group of bacteria most sensitive to perturbation (8) . In view of this, methods of analyzing microbial flora are required to monitor the digester closely and to enable conditions to be optimized for the process to function reliably.
Standard microbiological techniques are unsuitable for enumerating methanogenic species (8) , and so, indirect methods, such as quantification of markers unique to methanogens (e.g., coenzyme F420 [16] and membrane lipids [15] ), have been used. However, such assays do not distinguish between different methanogenic species. An enzyme-linked immunosorbent assay (ELISA) has been developed by using polyclonal antibodies for the detection and quantification of Methanosarcina barkeri and a Methanobacterium species (1) , two methanogens involved in digestion, and is sensitive and genus specific. However, the antisera cross-reacts with other species of the same genera, and so, the assay is unreliable for complex systems. Therefore we have extended and refined the work by producing both monoclonal and polyclonal antibodies for M. mazei S-6 and Methanobacterium bryantii FR-2. The development of two-site ELISAs and a competitive ELISA for the species-specific analysis of these two methanogens in mixed cultures and digester sludges is described in this paper.
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MATERIALS AND METHODS
Preparation of bacterial strains. M. mazei S-6 (DSM 2053), M. barkeri MS and Fusaro (DSM 800 and 804), Methanobacterium bryantii FR-2 (DSM 2257), Methanobacterium bryantii MoHG (DSM 862), Methanobacterium formicicum MF (DSM 1535), Desulfovibrio desulfuricans (NCIB 12086) , and Escherichia coli JM83 were all grown in the same medium (9 To investigate the titers of polyclonal antisera, portions (100 ,u) of serial dilutions were added to cell-coated plates and treated in the same manner as for MAb screening.
(ii) Two-site assays. 
RESULTS
MAbs. Two MAbs to M. mazei were produced, IFRN-010 and IFRN-011. These antibodies both belonged to subclass immunoglobulin G2a, as measured by a dot blot ELISA with nitrocellulose paper as the solid phase. Both cell lines were strong antibody producers and, when grown in vitro for 15 days, could produce antibody concentrations of >50 ,ug ml-'. Both antibodies could be used in either assay; the choice of IFRN-010 for the two-site assay and IFRN-011 for the competitive assay was arbitrary.
ELISA standard curves. The standard curves obtained for the M. mazei two-site ELISA, the Methanobacterium bryantii FR-2 two-site ELISA, and the M. mazei competitive assay are shown in Fig. 1 to 3 . Whole-cell preparations were used for the standards, which were expressed as cell protein concentrations (in micrograms milliliter-'), as measured by the method of Lowry (12) . Methanobacterium bryantii cells were sonicated gently to disrupt aggregates which had formed on freezing and thawing. However, the M. mazei cells needed to be sonicated more strongly (1 to 5 min at 22 amplitude micrometers) for the cells to break down into clumps small enough to give a fairly homogenous solution. The effect of different sonication times between 1 to 5 min was insignificant. The mean coefficient of variation between standards of 0.05 to 5 ,uig ml-' with cells sonicated for 1, 2, 3, 4, and 5 min was 8.83%, which was similar to that observed for within-plate variation. The within-and between-plate variations for the three assays are given in Table  1 . The assay limits of detection, calculated by subtracting two standard deviations from the zero value (for the competitive assay) or by adding two standard deviations to the zero value (for the two-site assays) were as follows: 5 ng ml-' for the M. mazei two-site assay, 3 ng ml-' for the M. mazei competitive assay, and 50 ng ml-1 for the Methanobacterium bryantii FR-2 two-site assay. The usable working range for all three assays was 0.05 to 50 ,ug ml-'.
Assay specificity. The cross-reactions of related and unrelated bacteria in the assays were investigated by comparing standard curves produced by the cross-reacting cells with Table 2 ). The reaction of M. mazei spheroplasts in both of the M. mazei ELISAs is shown in Fig. 4 . It can be seen from this figure and the cross-reaction data ( Table 2 ) that there was increased recognition of the spheroplasts compared with whole M. mazei cells in both assay systems.
Validation of ELISAs for analysis of mixed cell cultures and sewage sludge. Before ELISAs were used to analyze mixed cell cultures (as in a model fermenter) or sewage sludge, the effects of these different matrices on the standard curves were investigated. Table 3 (Table  4) . For all three assays, recovery was good at dilutions of 10-3 or greater. This dilution would approximate a maximum cell density of 106 ml-1, given that the cell density of sludge is approximately 109 ml-'. Higher concentrations of cells (at a dilution of 10-2) caused interference in the assays, resulting in low recoveries of methanogens.
We found that sludge (at a dilution of 10-3) interfered in the competitive assay when alkaline phosphate was used as label. The use of alkaline phosphatase resulted in lower absorbance values (Fig. 5) . This effect was also investigated by using different primary antibodies in the competitive ELISA. The average displacement (measured at each dose point on the standard curve) from a standard curve in PBS-Tween was 28.3% for MAb IFRN-010, 18.5% for MAb IFRN-011, and 43.0% for a polyclonal antibody. Not only did sludge effect the enzyme label, but it also affected the antibody-antigen reaction to various degrees. To avoid this problem, horseradish peroxidase was used instead of alka line phosphatase, as the presence of sludge did not effect horseradish peroxidase. (Fig. 5 ).
DISCUSSION
The methanogens are members of the archaebacteria. They differ from eubacteria in a number of phenotypic properties (e.g., cell wall and membrane lipid structures) and have been classified phylogenetically by 16S rRNA sequence analysis. Macario and Conway de Macario (13) have used antibodies extensively as rapid means to identify and classify methanogens into genera and species. They have assembled a bank of polyclonal antibodies and MAbs (14) which they use as probes in slide immunoenzymatic and immunofluorescence assays. As well as these qualitative assays, they have also developed semiquantitative assays (3, 5) to investigate the antigenic relationships of different methanogen species. Although the slide immunoenzymatic assay can be used to identify methanogens in complex microbial mixtures (5) , no assays have previously been developed to quantify the methanogen cell numbers in samples from digesters. This paper shows that by using MAbs and polyclonal antibodies and the two-site or sandwich ELISA format, specific and accurate assays have been developed. Both M. mazei assays were entirely species specific (Table  2) , a result which is presumably due to the use of MAbs. The lack of cross-reaction with other eubacteria is not surprising as the methanogen cell wall is very different from other bacterial cell walls and does not contain murein. The absence of any cross-reaction with other methanogen genera might also be expected because methanogens are very heterogeneous in their cell wall chemistry. In fact, the cell wall of Methanosarcina spp. is often termed a matrix because it consists of loosely packed fibrils instead of the compact structure normally found in other cell walls (11) . Evidence from immunolocalization studies (H. A. Kemp and M. Parker, unpublished data), however, suggests that the MAbs IFRN-010 and IFRN-011 do not actually bind to the heteropolysaccharide cell wall of M. mazei but to the protein layer or S layer that surrounds the cell membrane.
The composition of the S layer varies between species (10), and recognition of a structure on the M. mazei S layer could be responsible for the species specificity of the antibody. Binding to the S layer was also indicated by the increased binding of M. mazei spheroplasts compared with whole cells in both assays (Table 2 and Fig. 4) , with cross-reactions of 117 and 500% in the two-site and competitive assays, respectively. The rabbit polyclonal antiserum has been shown to bind mainly to the cell wall (Kemp and Parker, unpublished data).
The Methanobacterium bryantii FR-2 assay was very specific (except for a small amount of cross-reaction with another methanobacterium, Methanobacterium formicicum). This assay compares favorably with an earlier ELISA for Methanobacterium bryantii FR-2 (DSM 2257) with one polyclonal antiserum (1) . With this earlier assay, crossreaction was substantial with Methanobacterium bryantii (DSM 862) and with Methanobacterium thermoautotrophicum (DSM 1053) and, to a lesser extent, with two Methanococcus species. The specificity described here is probably due to the use of the two-site ELISA format. Theoretically, a two-site assay is more specific than a competitive assay (7) because two antibodies or populations of antibodies are used in the two-site assay. Even when both antibodies are polyclonal, the resultant cross-reaction in the two-site assay is less than when the assay depends on only one antibody or population of antibodies. In a study by Macario et al. (4) , six MAbs to Methanobacterium thermoautotrophicum were produced, and of these, two were strain specific, three were species specific, and one recognized a common antigen. It seems that our antisera have properties in accordance with these findings, showing only a small degree of cross-reaction with another species of the same genus.
The ability of ELISAs to quantify Methanobacterium bryantii and M. mazei in microbial mixtures depended on the extent of interference caused by other bacterial species in the assay. Cross-reactions with other cell types in the assay were negligible; therefore, any interference is nonspecific and is most probably due to steric hindrance caused by the presence of large numbers of cells. (Table 4) . This dilution contains approximately 106 cells ml-'. The M. mazei competitive assay (with horseradish peroxidase as label) and the Methanobacterium bryantii ELISA were not affected by any of the cell cultures tested (Table 3) . The cultures were all used at a protein concentration of 50 ,ug ml-', which approximates a cell density of 108 ml-' (as- suming that one cell contains 0.5 pg of protein). However, the M. mazei two-site assay showed reduced recovery of added M. mazei in the presence of other cells at this concentration. Therefore, the competitive assay would be preferred for analysis of mixed culture. Interference is not only caused by steric hindrance. There can be an inhibitory effect on alkaline phosphatase in the competitive assay (Fig.  5) , although this effect was not noticed in the two-site assays. This effect could have been caused by inhibitory factors from the sludge microbial flora but could be overcome by using a different enzyme. Inhibition also varied depending on the antibody used and was less marked with the two MAbs than with the polyclonal antibody.
With the excess reagent binding assay format, a specific and sensitive ELISA has been developed for Methanobacterium bryantii by using two polyclonal antisera. The assay can accurately measure the methanogen in mixed culture at cell protein densities of 50 ,ug ml-l and in sludge dilutions of 1:i10 or more. By using the same two-site assay format with a MAb, we have developed a species-specific ELISA for M. mazei. This assay can be used for sludge samples (diluted 1:103 or more). The competitive ELISA with a MAb developed for M. mazei performed as well as the two-site ELISA in all respects and had the added advantage of providing accurate measurements in mixed culture.
